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2008) and preserve archives of vegetation history (Charman, 2002) .
Peatlands also have considerable intrinsic and biodiversity interest.
Their vegetation, while relatively poor in species, is rich in distinctive, self-organizing surface features (Lindsay et al., 1988; Andersen et al., 2011) and characteristic plants, including Sphagnum mosses, which create wet, acid conditions; sedges (Cyperaceae), which thrive in waterlogged conditions using aerenchymatous roots; and carnivorous plants such as sundews (Drosera L. spp.), which overcome nutrient scarcity by consuming insect prey (Rydin & Jeglum, 2013) . Thus, protecting intact peatlands preserves their intrinsic values on the one hand, and their societal benefits on the other (Parish et al., 2008) .
Growing recognition of peatland values has increased the impetus for restoring peatlands that have been damaged, for example by drainage or peat extraction (Bonn, Allott, Evans, Joosten, & Stoneman, 2016) . Studies show that restoration success cannot be assumed González & Rochefort, 2014) , highlighting the need to better understand this process. While hydrological recovery can be rapid, vegetation recovery can take decades (Charman, 2002) , emphasizing the need for long-term studies (Bonn et al., 2016) .
We investigated restoration of afforested peatland, a subject few studies have addressed . Afforestation of open peatland with non-native conifers following extensive deepploughing occurred widely in Europe, peaking in the 1980s (Rydin & Jeglum, 2013) . While there are restoration studies of naturally wooded peatland, drained for silviculture (Haapalehto, Vasander, Jauhiainen, Tahvanainen, & Kotiaho, 2011) , restoring formerly open peatlands that have been afforested presents novel challenges .
A controversial episode of peatland afforestation affected the blanket bogs of Scotland's 'Flow Country' (Warren, 2000) . Recognizing that many such plantations should never have been established, government incentives now support their restoration as open peatland.
Consequently, many thousands of hectares are either undergoing or planned for restoration in this area (unpublished data) and elsewhere (e.g. Renou- Wilson & Byrne, 2015) .
Here, we present a 14-year study of afforested peatland undergoing restoration in the Flow Country. We focus on vegetation change, for its intrinsic interest, and links to peatland hydrology (Rydin & Jeglum, 2013) , carbon cycling (Andersen, Pouliot, & Rochefort, 2013) and biodiversity (Spitzer & Danks, 2006; Hancock, Grant, & Wilson, F I G U R E 1 (a) Map of the study area. The map shows (i) the restoration plots (blue), surveyed 1997-2011; (ii) the bog control plots, on intact bog (pink), surveyed 2011-2015; (iii) the reconstructed baseline plots, also on intact bog (white), surveyed 1990-1991; and (iv) Three compartments selected at random from each afforestation year. 1.9 (0.88-3.5) Plots were either taken from existing data sets (four plots) or were created anew in 2015 (five plots); all were within 3 km of the restoration area.
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O 1 (1 × 1) 1 (2011, 2014 or 2015) Forest control 9 4.9 (1.7-6.8) 2009). Similar restoration is becoming increasingly commonplace , widening the relevance of our results.
Our overall aim was to use vegetation data to measure restoration progress and guide management. Firstly, we tested whether the overall vegetation trajectory in the restoration area approached intact bog conditions, while identifying the main axes of vegetation change.
Secondly, we tested whether the restoration area developed towards intact bog in relation to four outcomes: floristic composition, moisture, nutrient status and acidity. The last three outcomes were inferred from vegetation using Ellenberg's indicator values (Ellenberg et al., 1991) , often used in restoration studies (e.g. Vercoutere, Honnay, & Hermy, 2007; Tandy et al., 2010) .
| METHODS

| Study area
The study site was in Scotland's ~4000 km 2 Flow Country, which holds a quarter of the UK's, and 4% of the world's, blanket bog (Lindsay et al., 1988 (Charman, 1994) ; the effects of past human influence on this state are uncertain (Tallis, 1998; Tipping, 2008) . Planted forests in the area are associated with reduced densities of key bird species on adjacent bogs (Hancock et al., 2009; Wilson et al., 2014) , increasing the impetus for restoration.
The 147-ha study site was in the Talaheel conifer plantation 
| Monitoring design and vegetation surveys
In the restoration area, nine forestry compartments (three of the 12 planted in each of the three planting years) were selected at random as monitoring plots (Table 1) . Within each plot, nine randomly located recording locations were established, each comprising three permanent 0.5 × 2.0 m quadrats, one centred on each microform ( Figure 1b ).
Vegetation was monitored shortly before tree felling, and six and 14 growing seasons later (Table 1) . Visual cover estimates were made for each plant species, except certain difficult or minor taxa, which were pooled ( Figure S1 , Table S1 ). Because taxa often overlapped, total cover exceeded 100%. The cover of each microform was estimated visually at each recording location in 2015, allowing mean overall plant covers to be calculated from microform means.
In 2015, each restoration plot was matched with a bog control plot, a forest control plot and a 'reconstructed baseline' plot (see below), creating a matched group of four plots (Table 1 , Figure 1a , Figure S3 ).
Within each group, plots were matched by slope (within 0.6° of block mean), reflecting the importance of slope to peatland hydrology and vegetation (Charman, 2002; Rydin & Jeglum, 2013) . Peat depths in forest controls were on average lower than in other plots (Table 1) ; this will at least partly reflect peat subsidence in the 30 or so years since tree planting (Anderson, Ray, & Pyatt, 2000) .
The restoration area was primarily compared to the bog control plots, which were assumed to represent its potential post-restoration (target) composition. The reconstructed baseline plots, on the other hand, described a plausible pre-afforestation (initial) composition of the restoration area. They also provided a reference composition for floristic similarity analyses, to which other plots were compared.
Meanwhile, forest controls estimated the potential composition of the restoration area had it remained as forestry.
For bog and forest controls, vegetation data were collected once per plot during 2011-2015, using the same methods as restoration plots, except that liverworts were pooled in forest controls. There was only a single year of data collection because we expected the vegetation in these areas to show little variation between these five monitoring years. Mean overall covers were derived for forest controls, as in the restoration area, as weighted means of data by microform.
Thus, the most recent (2011) survey of the restoration site had broadly contemporary bog and forest control data, but not the earlier surveys (1998, 2003) .
Although there were no baseline pre-afforestation vegetation surveys of the study site, the vegetation of most Flow Country bogs was surveyed shortly afterwards, in 1990-1991, to inform conservation designations. We identified nine bog areas near our restoration site that were covered by these surveys, and met our matching criteria (Table 1) . These became our 'reconstructed baseline' plots, used to reconstruct the plausible pre-afforestation vegetation of our study site. The 1990-1991 data comprised sample quadrats and mapped plant communities, using methods of the UK National Vegetation
Classification (Rodwell, 1991) . These data were used to 'reconstruct' the plausible covers of each plant taxon, as presented in detail in the Appendix. These 'reconstructed baseline' data were used: (1) to show graphically the plausible baseline vegetation composition, and (2) as the baseline for floristic similarity analyses, against which we compared modern data.
| Restoration outcomes: floristics and Ellenberg values
For each restoration, bog control and forest control plot, we calculated floristic similarity to the matched reconstructed baseline plot;
and community averaged Ellenberg's values, which infer physical conditions from the vegetation (Ellenberg et al., 1991) . Restoration should lead to these outcomes being, or becoming, similar in restoration plots and bog controls.
Floristic similarity was measured using similarity indices, commonly used to compare disturbed and undisturbed areas (e.g. Garbutt & Wolters, 2008) . We chose the Morisita-Horn index; this is most influenced by abundant species, relatively unaffected by species diversity or sample size (Magurran, 2004) , and has properties preferred in such indices (Jost, Chao, & Chazdon, 2011) .
Ellenberg indicator values (Ellenberg et al., 1991; Hill, Preston, Bosanquet, & Roy, 2007; Hill, Preston, & Roy, 2008) were used to infer moisture, acidity and fertility. Each plant species has been assigned a value for each factor, indicating the physical conditions where it usually grows; community averaged values (weighted by species abundance) indicate physical conditions as they affect plants. Schaffers and Skora (2000) 
| Data analysis
Analyses used 'percentage of live vegetation cover' for each taxon: the quadrat cover for that taxon divided by the sum of recorded covers and multiplied by 100, giving a quadrat total of 100%. All analyses used 'plot' as the unit of replication; each group of plots matched by slope was treated as a 'block' for the purposes of analysis. (1998, 2003, 2011) ; but for bog and forest controls, data were only available from one, recent year for each plot (Table 1) . Analyses used function prc in the VEGAN package in R (R Foundation for Statistical Computing, Vienna, AT), and Hellinger pretransformed vegetation data (recommended for this type of data: Legendre & Gallagher, 2001 ).
Secondly, we tested hypotheses concerning four restoration outcomes: floristic similarity to reconstructed baseline conditions and Models included 'block' as a random effect. Normal distribution and homogeneity of variances were checked graphically. Where variance was heterogeneous, a random effect was fitted, grouping residuals by treatment (Stroup, 2013) . Ellenberg values were log-transformed for trend models to improve uniformity of variance. Models were fitted using the SAS GLIMMIX procedure (SAS, Cary, NC, US).
| RESULTS
| Descriptive results
The restoration area vegetation was initially dominated by sapling conifers (Pinaceae) and dwarf shrubs (Ericaceae; mainly Calluna vulgaris (L.) Hull), together comprising 50% cover (Figure 2a ). These groups then declined, while sedges (Cyperaceae), grasses (Poaceae) and Sphagnum mosses (Sphagnaceae) increased. The commonest plant families on intact bogs (reconstructed baseline and bog control plots)
were Ericaceae, Cyperaceae and Sphagnaceae, totalling 60%-75%
cover. Reconstructed baseline data suggested that, in 1990-1991, intact bogs may have held more abundant sedges, and less Sphagnum, than modern bog controls (Figure 2a ; Appendix). In recent surveys, the restoration plots differed most strikingly from bog controls in their higher cover of Poaceae.
Comparing microforms (Figure 2b ), showed that Sphagnaceae were persistently abundant in furrows, at ~40% cover. On original surfaces (i.e. not ridges or furrows), Sphagnaceae increased approximately three-fold, to ~15% cover. Conversely, Sphagnaceae were rare on plough-ridges, where Poaceae, Ericaceae, lichens and Hypnaceae mosses were common. Ridges were the most extensive microform in restoration plots, having 50 ± 3.9% cover in 2015, exceeding original surfaces (29 ± 3.7%) and furrows (21 ± 1.0%).
Some individual taxa differed strongly in abundance between restoration and bog control plots ( Figure S5) 
| Analytical results (PRCs and GLMMs)
Overall vegetation composition in restoration plots changed signifi- Although second PRC axes ( Figure S4 ) were significant (p < .01%), they explained small (5%-6%) proportions of variation, so were not interpreted in detail.
Contrary to restoration aims, floristic similarity of the restoration plots to bog conditions declined over time ( Figure 4a , Table 2 ). Trends by microform (Figure 4a ) suggested this was caused by plough-ridges, where similarity to bog conditions fell by over 60%. At the end of the study, the similarity of restoration plots to reconstructed baseline conditions remained below that of bog controls (Table 3) , around halfway between bog and forest controls.
Ellenberg's F values implied significant re-wetting in the restoration area over time ( Figure 4b , Table 2 ), furrows being the wettest microform, and ridges the driest. F values of original surfaces became more similar to furrows over time, suggesting some re-wetting. Ridges showed initial re-wetting, which later stalled. Nevertheless, by the end of the study, F values, and (hence) inferred moisture conditions, did not differ significantly between restoration (combined microforms) and bog control plots (Table 3 ).
Ellenberg's R values in restoration plots suggested that Ca availability changed little over time ( Figure 4c , Table 2 ), remaining significantly higher than bog controls (Table 3) better restoration outcomes in flatter areas (<1.5-2.0° slope), at least for floristics and fertility. Two plots steeper than 3° had the poorest outcomes; these were at the southern end of the site, which had the most evidence of pre-afforestation drainage and burning ( Figure S2a ).
| DISCUSSION
| How well is restoration progressing?
One measure of restoration success was achieved after 14 years: (2014) and Anderson and Peace (2016) had similar levels of floristic recovery over similar time periods. It can take decades to reverse the impacts of peatland drainage (Holden, Evans, Burt, & Hortona, 2006) and peat cutting (Charman, 2002) . Although damaged bogs can return to Sphagnum dominance within 20 years (e.g. González & Rochefort, 2014) , full botanical restoration is rarely achieved over such time scales (Bellamy, Stephen, Maclean, & Grant, 2012; Poulin, Andersen, & Rochefort, 2012; Anderson & Peace, 2016) . Surprisingly, our restoration area has started to diverge floristically from bog conditions. Anderson and Peace (2016) also found divergence from desired trajectories initially, which later reversed.
We found that restoration was compromised by drier locations such as plough-ridges and steeper slopes. Similarly, Holden et al. (2006) found that drained peatlands on steeper slopes were harder to restore; Price, Rochefort, and Quinty (1998) showed that raised ridges had poorest Sphagnum colonization. At our site, restoration has to reverse both afforestation impacts and earlier drainage. Our restoration management, comprising tree removal and collector-drain blocking, but not surface smoothing or furrow-blocking, did not fully overcome these impacts across the whole area during this 14-year study.
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| Re-wetting: the key to restoration
Afforestation had various impacts: it introduced conifers, added nutrients, excluded deer and created drains. With hydrology being so central to peatland functioning (Charman, 2002; Rydin & Jeglum, 2013; Bonn et al., 2016) , drainage is likely the most crucial of these. Even a single drain can have long-lasting vegetation effects (Bellamy et al., 2012) . In naturally forested peatlands being restored after drainage, Maanavilja et al. (2014) and Haapalehto et al. (2011) found that the main axes of vegetation change were moisture gradients, similar to our PRC results. Re-wetting could result from tree removal reducing transpiration and rainfall interception (Rydin & Jeglum, 2013 & Peace, 2016). Not only is re-wetting important for its own sake, it affects other factors (nutrients, acidity), as illustrated by natural bog formation (Charman, 2002) and changes following artificial drainage (Laiho, Sallantaus, & Laine, 1999) . This reflects positive feedbacks between moisture and Sphagnum growth, resulting (for example) in nutrient sequestration (Rydin & Jeglum, 2013) .
| Important plant taxa for restoration
Above all, Sphagnum species are crucial to bog restoration (Rochefort, 2000; Haapalehto et al., 2011; Poulin et al., 2012) .
Thriving in moist conditions, they slow water flows and promote wet, acidic conditions (Rochefort, 2000; Rydin & Jeglum, 2013) .
Sphagnum responds strongly to hydrological thresholds (McNeil & Waddington, 2003; Strack, Waddington, Lucchese, & Cagampan, 2009; Ketteridge et al., 2015) ; reaching such thresholds is therefore critical to restoration.
Certain Sphagnum species may be particularly important during restoration, such as S. fallax (Grosvernier, Matthey, & Buttler, 1997) , S. rubellum (Poulin et al., 2012) and S. balticum (Haapalehto et al., 2011) . At our restoration site, S. cuspidatum, S. fallax and S. subnitens were particularly abundant, with furrow cover scores higher than bog controls. The first two are typically hollow species, while S. subnitens often occurs at disturbed sites; all are commonly pioneers on bare peat (Grosvernier et al., 1997) . The key peat-forming species S. capillifolium was common along furrows and original surfaces (where cover approached that of bog controls), but rare on ridges. This species is sensitive to N (Gunnarsson & Rydin, 2000) ; ridges had high Ellenberg's N values and were perhaps N-enriched. The nutrient status of the restoration area could reflect past forestry fertilization, decomposition of drained peat and brash/needle litter, or deer exclusion.
Among vascular plants, Eriophorum vaginatum and E. angustifolium increased markedly in our restoration area. Both are often important during peatland restoration (Haapalehto et al., 2011; Anderson & Peace, 2016) . Eriophorum species can promote bog formation by reducing nutrient cycling (Silvan, Tuittila, Vasander, & Laine, 2004) and facilitating Sphagnum spread (Rochefort, 2000) .
Unlike most vascular plants, they can contribute significantly to peat formation . Conversely, vascular plants linked to poorer restoration outcomes in our study were mainly grasses 
| Study limitations and future research
Reflecting common constraints during peatland restoration (Bonn et al., 2016) , funding for monitoring was limited. Hence, bog and forest controls were only established later in the study. Lacking contemporary control data for some restoration monitoring years, we could not control for variation resulting from between-year differences in weather, herbivore abundance or observers, potentially reducing our power to measure change. Also, we had no baseline, pre-afforestation data for our study site. Although we reconstructed the plausible baseline vegetation composition, the limited available data made this difficult. Our modern bog controls and reconstructed baseline plots were in areas never chosen for Despite these caveats, at least monitoring took place alongside restoration, unlike most early restoration projects in the Flow Country (Wilkie & Mayhew, 2003) . We believe that simple, inexpensive, long-term monitoring can be highly informative, when results are rigorously evaluated and widely shared.
Most restoration of afforested blanket bog began in recent years , and therefore starts with larger trees and less bog vegetation than this study. Nevertheless, we expect some com- 
| Management implications
Plough-ridges and steeper areas showed the poorest recovery. They might require additional management, or just more time. Anderson et al. (2000) found that ridges and original surfaces subsided relative to furrows; this might facilitate re-wetting without further management. Haapalehto et al. (2011) found that water tables rose gradually in unmanaged drained peatland, suggesting natural in-filling (Holden, Gascoign, & Bosanko, 2007) . Anderson and Peace (2016) found that furrow-blocking raised water tables, but made little difference to vegetation recovery over 10 years.
Trees in peatland forests hold significant nutrients , which can leach from felling brash (Asam et al., 2014) . At our site, felled material was left on site; Ellenberg's N values suggested that high fertility might be slowing restoration. 
| CONCLUSIONS
Our study shows that restoration management of an afforested bog We recommend that restoration management takes place in parallel with research and monitoring, within an adaptive management framework (Walters & Holling, 1990 
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